Abstract-By using a loop configuration formed by a polarization beam splitter, we experimentally demonstrate that the existing wavelength-division multiplexing (WDM) sources in -band can be wavelength converted to the -band with low polarization sensitivity and low crosstalk. Using a fiber parametric amplifier as a band converter, we achieve experimentally 0.65-dB polarization sensitivity and 4.7-dB conversion efficiency over 30-nm conversion bandwidth in 315 m of fiber. Compared to the conventional straight fiber wavelength conversion scheme, a more than 2-dB improvement in polarization sensitivity is measured. In addition to the polarization insensitivity, channel crosstalk is measured to be 27 dB in 315 m of high nonlinearity fiber. In a detailed experimental study, the pattern of crosstalk in longer fiber lengths and the coupling between the polarization sensitivity and crosstalk are measured. For example, with a 430-m fiber length, we measure the degradation in polarization sensitivity to be 4 dB for 12-dB increased signal power. The experimental results are also confirmed by theoretical calculations. Moreover, in a 32 channels systems simulation, the signal-to-noise ratio (SNR) of the converted signals after 800-km propagation is calculated to be only 0.8-dB degraded compared to using laser diodes with the same initial SNR values. Furthermore, we calculate the effect of pump noise and show that the relative intensity noise of the pump is transferred to the converted signals with an additional 8-dB/Hz degradation.
I. INTRODUCTION

F
IBER PARAMETRIC amplifiers can be used to convert simultaneously a set of wavelengths to a new set of wavelengths, which are a mirror image of the original. A band converter of this sort can fulfill a number of unique functions in telecommunications networks. For example, in a protection switching or restoration mode, the band converter can take an existing band of wavelengths on a damaged link and transfer it to a new band of wavelengths on an already used fiber. Alternately, to reduce capital expenses and operational using a single pump laser to utilize modulation instability, the existing sources in C-band can be converted to S-band. The mirror image of the sources in the C-band is generated in the S-band.
expenses through fewer part numbers, it may be desirable to only stock a fixed number of WDM transmitters, such as only in the conventional -band. Then, new transmitters in the surrounding bands-such as the short-wavelength -band or long-wavelength -band-can be made by using the existing transmitters and band shifting them to either the -or -band. However, a band converter for any of these telecommunications applications must be polarization insensitive with low crosstalk between WDM channels. An attractive method of implementing the band conversion process is based on the modulation instability (MI) effect in the fiber. MI is a four-photon process, where two photons from the pump laser and one photon from the signal interact and generate one photon in signal wavelength and one in conjugate, which is the image of the signal. Fig. 1 shows the basic idea behind the process. Starting with high-power pump laser near low power signal channels stimulates the third-order nonlinear effects in fiber. The MI process is the special case of third-order nonlinear effect when the pump and signal wavelengths are near zero dispersion wavelength of the fiber and both at anomalous dispersion regime. The conversion bandwidth, however, is determined by the pump power and the dispersion properties of the fiber, which determines the phase-matching condition. By choosing high nonlinearity fibers and a pump laser near the zero dispersion wavelength of the fiber while maintaining a relatively low dispersion value at the signal band, the entire -band can be converted to the -band in low dispersion fibers. However, the efficiency of the MI depends on the relative polarizations of the signal-and-pump lasers. This polarization sensitivity may cause amplitude fluctuations at the output due to random changes in the polarizations states of the incoming signals. Moreover, as the signal and the pump power increase, nondegenerate four-wave mixing (FWM) generates additional harmonics. If multiple wavelengths are converted, then these new harmonics may cause crosstalk between nearby channels.
By using a loop configuration formed by a polarization beam splitter and a fiber of optimized length, a polarization sensitivity of less than 0.65 dB over 30 nm and crosstalk less than 27 dB can be achieved. The aim is to use two pump beams to convert each polarization state separately. By using a polarization beam splitter (PBS), two polarization states of the incoming signal can be separated and combined with one of the pump beams. By using the loop configuration, the same fiber is utilized to eliminate differences in gain values. The interactions between the orthogonal pump lasers can be minimized by counterpropagation around the loop. However, a length optimization is required to optimize the crosstalk value. Specifically, since the strength of the harmonic is increased with fiber length, the fiber length should be cut before the harmonics reach a power level that causes a significant crosstalk. Additionally, using short fiber lengths for wavelength conversion can minimize the coupling between the polarization sensitivity and the crosstalk, even though the shorter fiber results in lower conversion efficiency.
The outline of this paper is as follows. The next section provides the background of various approaches on wavelength conversion. Then, band conversion in straight fibers is demonstrated in three different fiber lengths with special focus on the crosstalk measurements. The polarization-insensitive wavelength conversion in high-nonlinearity dispersion-shifted (HNL-DS) fiber in a loop configuration will be presented in Section IV. Theory of wavelength conversion and verifications of the experimental results will be given in Section V. The system performance based on 32 channels continuous-wave (CW) propagation through 800 km and the effect of pump noise on converted signals will be discussed in Section VI. Section VII will have a brief discussion of the experimental results, followed by a summary of the paper in Section VIII.
II. BACKGROUND
There are several experimental and theoretical researches conducted on parametric amplifiers and wavelength converters to develop new amplifiers and convert existing sources to improve the wavelength efficiency of WDM networks by allowing wavelength reuse [1] - [3] . Specifically, several groups within last decade have investigated the different aspects of conversion of existing laser sources to different wavelengths and amplification of signals in optical fibers. One aspect of the research focuses on the gain flatness of the amplifiers and gain ripple [4] , [5] . The other aspect of the research focuses on the high conversion efficiency and large conversion bandwidth of parametric amplifiers and wavelength converters [6] - [9] . In addition, there has been several papers presented on generation of new sources by utilizing the parametric process in fibers and semiconductor optical amplifiers [10] . However, the intrinsic polarization sensitivity and channel crosstalk problems, as pointed out in these experiments, limit the applications [1] , [11] .
The early polarization works generally focused on the conversion efficiency of FWM for different polarization states [11] . In later experiments, there are several approaches presented to achieve polarization-insensitive wavelength conversion both in semiconductor optical amplifiers (SOA) and in dispersion-shifted fibers (DSF) with low conversion efficiencies [12] - [16] . Orthogonally polarized pump sources to achieve polarization diversity pumping is the most commonly used technique in these experiments to achieve low polarization sensitivity [14] , [15] . For example, in one of the early experiments, Jopson et al. implemented a wavelength converter with 1-dB polarization sensitivity in 25-km DSF by using two orthogonally polarized pump signals symmetrically located around the zero-dispersion wavelength of DSF [12] . In a later experiment, the polarization sensitivity of the similar setup is reduced to 0.3 dB at certain wavelengths by using tunable pump lasers to optimize pump position in a different 13-km DSF [13] . Likewise, single frequency conversion with as low as 0.5-dB polarization sensitivity has been demonstrated by using two pump lasers at different wavelengths and orthogonal polarizations [14] . Recently, there has been field transmission of 40 Gb/s with midspan inversion is demonstrated by using inline orthogonal pumping scheme for midspan spectral inversion [17] , [18] . In addition to orthogonal pumping scheme, there has been different approach is suggested and presented for wavelength conversion [19] - [22] . In these experiments, wavelength conversion by using cross-phase modulation (XPM) with nonlinear loop mirrors are demonstrated [19] , [21] . However, multiple wavelength operation of wavelength converters based on XPM has not been discussed. In addition to having a polarization sensitivity, the additional crosstalk components due to different frequency pump lasers aggravates the challenge for wavelength-division-multiplexing (WDM) systems. Similar techniques, in addition to polarization diversity technique, are utilized for SOA and fiber distributed-feedback (DFB) laser-based wavelength converters [23] - [26] .
Since the early experiments focus mainly on the enhancement of WDM system capacity by providing wavelength flexibility and wavelength reuse, the polarization insensitivity is limited to 7 nm and the crosstalk problem is overlooked [10] , [27] . However, the increasing conversion efficiency leads to high crosstalk, which will be the second limitation of the wavelength converters when it used for conversion of high channel counts. In one of the previous experiments, the crosstalk values as high as 10 dB have been measured [10] . Since the number of channels used in these experiments was less than 7 nm, placement of inline filters has been proposed Fig. 2 . Experimental setup of the straight fiber wavelength converter. Modulation instability in HNL-DS fibers converts the signal in the C-band to S-band by using 860-mW quasi-CW pump at 1532 nm. Gain profile, polarization sensitivity, and crosstalk are measured by using an optical spectrum analyzer (OSA) and a power meter.
to eliminate the crosstalk components [10] , [28] . Although the filtering of crosstalk component will improve the system performance, it will not be effective or practical for dense WDM systems with channel spacing 40 GHz and for elimination of inband crosstalk components. Yet, there has not been any kind of solution proposed to eliminate the crosstalk problem in dense WDM wavelength converters. The effect of large channels counts and channel spacing on crosstalk is considered only for WDM propagation and detection systems [29] .
Thus, the polarization sensitivity and the crosstalk of parametric amplifiers remain a significant barrier for applications in WDM telecommunications systems. In the current experiment, we pay special attention to these two limitations. By identifying the reasons behind polarization sensitivity, crosstalk, and the coupling between these two problems, a loop configuration with optimized fiber length is proposed and implemented. System implications also discussed based on the low polarization sensitivity results.
III. STRAIGHT FIBER WAVELENGTH CONVERTER EXPERIMENT
The experimental setup used for crosstalk and polarizationsensitivity measurement in straight fiber is shown in Fig. 2 . The pump laser is a quasi-CW source generated by a laser diode at 1532 nm with 20-mW output powers. Ideally, a CW source with high power and a phase modulator should be used. For following two practical challenges in the experiment, the quasi-CW source is used as a pump source: to suppress the Brillouin scattering and to reach the required peak power levels. To generate the quasi-CW, an electrooptic amplitude modulator is driven by RF signal at 4-MHz repetition rate with a 3% duty cycle. The peak pump power is set to be 860 mW after three stages of amplifiers with 1.5-mW, 7-mW, and 1-W saturated power levels and 4-, 7-, and 6-dB noise figure values. After the amplifiers, the accumulated amplified spontaneous emission (ASE) noise is filtered by bandpass filters with 2-nm bandwidth. Instabilities caused by back reflection are eliminated by a fiber isolator. The signal is generated by a free space coupled tunable CW laser diode. The signal is combined with the pump laser by a 5/95 fiber tap coupler after passing through an isolator. Two polarization controllers (PC) on the signal and the pump arm are used to adjust the relative polarizations to measure the worst-case crosstalk and polarization sensitivity values. The wavelength conversion is performed by modulation instability (MI) in the HNL-DS fiber with nm and dispersion slope of ps/nm .km. The pump and the signal powers in the HNL-DS fiber are 860 mW and 7 W, respectively. The measurements are performed after 315-m, 430-m, and 1-km HNL-DS fibers to show the length dependence of the crosstalk and polarization sensitivity. A power meter and an optical spectrum analyzer are used as diagnostic devices after filtering the converted signals. Fig. 3 illustrates the measured gain curves by using 315 m, 430 m and 1 km HNL-DS fibers. The conversion bandwidth at 3-dB point is measured to be 30 nm. This 30-nm conversion band shows that all the WDM channels within the -band can be converted to the -band. By using the minimum gain value of 6 dB obtained in 315-m HNL-DS fiber, the minimum conversion efficiency can be calculated as 4.7 dB [27] . The gain profile is determined by the MI used for wavelength conversion, and the gain uniformity is measured to be 3.5 dB in the 315-m fiber. Since the pump laser is located very close to the zero dispersion wavelength of the fiber, the fourth-order dispersion plays a significant role in the gain profile. Smoother decay at the edge of the gain bandwidth and larger conversion bandwidth is obtained because of the fourth-order dispersion and 1-dB/km loss in the fiber.
Channel crosstalk caused by nondegenerate four-wave mixing (FWM) is one of the limitations of MI based wavelength converters in system applications. From the beginning of the gain fiber, the amplification by MI effect and nondegenerate FWM develops simultaneously. Since the harmonic generated by the FWM is much smaller than the signal power at the initial stage, negligible crosstalk occurs. However, as the fiber length increase, the increasing harmonic power starts to interfere with nearby WDM channels and causes crosstalk between two channels. The crosstalk is calculated by the formula (1) where defines the total power of the unwanted signals generated by nondegenerate FWM. Typically, the strength of this harmonic is expected to be 25 dB below the signal power to minimize the interference and to achieve 10 bit error rate with 0.5-dB power penalty.
To measure the crosstalk between channels, the power of the harmonic generated by nondegenerate FWM and the signal power at the same wavelength are measured experimentally. Fig. 4 (a) displays the calculated crosstalk at the end of 315-m HNL-DS fiber. Because of the efficient phase matching near the zero-dispersion wavelength, the strength of the crosstalk is measured to be 27 dB near the pump wavelength compared to the wavelengths near the edge of the conversion band. Since the phase mismatch increases at the wavelengths away from the pump, the strength of the crosstalk decreases. For channels 10 nm away from the pump wavelength, crosstalk values as low as 40 dB are measured. At wavelengths 20 nm away from the of the fiber, the crosstalk values goes to lower than 40 dB. However, because of the instrument limitation, we consider 40 dB as the baseline in the experiment.
The strength of the harmonic, which causes crosstalk, is measured in 430-m and 1-km HNL fiber to show the effect of fiber length on crosstalk. Fig. 4 (b) summarizes the strength of the harmonic after normalizing by 7-W input signal power across the conversion band. For short fibers, the maximum crosstalk level is measured to be less than 27 dB, and it decreases exponentially at wavelengths away from the pump source. However, the pattern of the crosstalk changes drastically with further propagation in the fiber, as shown in Fig. 4(b) . This change of crosstalk can be explained by the nonuniform increment in MI gain with further propagation. The effect of nonuniform gain profile on crosstalk pattern will be discussed in detail in Section VI. Because of high gain in the midband, the strength of the harmonic generated by channels with stronger gain is increased drastically as the gain accumulates with propagation. Therefore, the strengths of the harmonics at longer wavelength are expected to be stronger in longer fibers. Measurements in the 430-m HNL fiber show this increment at wavelengths 1550 nm. When the signals reach the end of 1-km fiber, the harmonics generated by the signals with high gain region will dominate the ones generated by weaker signals.
Experimental measurements confirm the expectations of decreasing crosstalk with 22-and 5-dB crosstalk at 1534 nm and at 1556 nm, respectively, as shown in Fig. 4(b) . In other words, the strength of the generated crosstalk component reaches 5 dB below the input signal level in 430 m and 10 dB above the input signal power in 1 km at the same wavelengths. These results clearly demonstrate that for stable operation, the length of the gain medium should be optimized for low crosstalk at the expense of conversion efficiency. For the given experimental parameters, 315-m HNL-DS fiber can convert the whole -band into -band with 27-dB inband crosstalk. However, 2-dB polarization sensitivity in the given setup is still a challenge to be addressed.
IV. POLARIZATION INSENSITIVE LOOPED FIBER BAND CONVERTER
A looped fiber wavelength converter configuration formed by a PBS with optimized fiber length is used for the polarization-insensitive wavelength conversion with low crosstalk. Fig. 5 shows the experimental setup used for low polarization sensitivity. Since the polarization sensitivity originates from the fact that relative polarization state of the signal and the pump change randomly and MI gain is different at orthogonal polarization sates, an optical component should be used to preserve the polarization states in the fiber. Using the loop configuration with the PBS prevents random polarization changes between the pump and the signal and ensures that there will be the same amount of pump power propagating in each direction to obtain the same gain. Unlike conventional loop mirrors or Sagnac interferometers, the output port is defined by the polarization states of the converted signals instead of interference at the couplers. In the experiment, to satisfy the requirement of equal pump power in each arm, the power levels of the pumps are first equally distributed and fixed to 860 mW in each polarization component by adjusting the polarization controller (PC) in the pump arm. The direction of propagation in the configuration is set by the ports of the PBS, and each polarization state propagates through the same fiber in opposite directions. To maintain the relative polarization states of the pump and the signal in the converter, the incoming signal is split in two by the same PBS. After the wavelength conversion process, the converted signals are coupled out through the same PBS for diagnostics. The PC in the loop is inserted to make sure that all the signal and pump beams exit through the output port of the PBS. To measure the polarization sensitivity of the device, the PC in signal arm is adjusted to measure the maximum and the minimum gain values. Fig. 6 illustrates the polarization sensitivity measured in 315-and 430-m fibers for both the straight fiber and the looped fiber experiments across the whole conversion bandwidth. The polarization sensitivity of the wavelength converter is calculated after measuring the maximum and the minimum gain with respect to signal polarization. The formula used for calculation of polarization sensitivity is
where and represent the maximum and the minimum gain measured for different polarization states of the incoming signal. The maximum polarization sensitivity is measured to be 0.65 dB in 315 m, as shown Fig. 6(a) . Compared to In 430 m, the maximum polarization sensitivity is measured to be less than 0.9 dB, which is 4.5 dB better than the straight fiber wavelength converter with the same 430-m fiber lengths.
the straight fiber, 2-dB improvement in polarization sensitivity is measured across the most of the conversion bandwidth. When the fiber length is increased to 430 m, the maximum polarization sensitivity is measured to be 0.9 dB in the looped fiber, as shown in Fig. 6(b) . Compare to the straight fiber experiment with the same fiber length of 430 m, as high as 4.5-dB improvement in polarization sensitivity is measured. The only difficulty arises due to the temperature dependent birefringence of the gain fiber or mechanical vibrations, which causes amplitude fluctuations at the output port because of polarization changes in the gain fiber. As long as the gain fiber is fixed and temperature stabilized, 0.6-dB low polarization sensitivity is maintained. To eliminate the thermal or other effects on the gain fiber, a polarization-maintaining fiber can be used within the loop as an alternative approach. The reason behind the 0.25 dB change in polarization sensitivity by increasing the fiber length from 315 to 430 m is also investigated experimentally. In this part of the experiment, it is shown that the gain and signal power level are critical parameters for polarization-insensitive wavelength conversion. In the results of Fig. 6 , it is measured that for 7-W signal power level the polarization sensitivity is degraded by 0.25 dB as the fiber length is changed from 315 to 430 m. This change indicates that there is a coupling between the amount of energy transferred to the harmonic, i.e., crosstalk and the polarization sensitivity.
To check the power dependency of the polarization sensitivity, the polarization sensitivity at the end of 430-m looped fiber is measured for 50-and 100-W signal power levels. The results of the power dependent polarization sensitivity measurements are shown in Fig. 7 . The results show that as the signal power is amplified, the increasing crosstalk causes degradation in polarization sensitivity as large as 4 dB. Therefore, to generate environmentally stable WDM signals by converting the existing sources in the -band, the fiber length and signal power level should also be optimized. Based on the experimental results, fiber lengths 315 m with signal power levels as low as 7 W can be used for stable operation with the given experimental parameters.
V. THEORETICAL RESULTS
The experimental results for polarization sensitivity and crosstalk are also verified with simulations. In the simulations, the nonlinear Schrödinger equation (NLSE) is used to calculate the wavelength conversion, taking into account all of the interactions between different frequency components instead of dealing with each frequency component separately. In particular, the accumulated MI gain, crosstalk, polarization sensitivity, and the coupling between the crosstalk and the polarization sensitivity across the gain bandwidth are estimated by solving the NLSE equation [17] . Two coupled NLSE equations used for wavelength conversion are given by (3a) (3b)
The terms and represent the second-order and the fourthorder dispersion parameters, which mainly determine the phasematching condition and the amount of gain for MI. Although the third-order dispersion does not contribute to the MI gain, it significantly changes the efficiency of the harmonic generation and the crosstalk. The nonlinear parameters on the right side are the self-phase modulation, which determines the wavelength conversion among the signal with the same polarization and power dependent phase mismatch, and the XPM terms. The coupling between the orthogonal axis components is defined by the XPM term. The final terms on the right side shows the effect of the background birefringence. The parameter is the phase mismatch caused by the background birefringence , where is measured to be 5 10 in the fiber used in the experiment. Since the beat length, 30 cm, caused by this birefringence is much smaller than the total fiber length and the length of the random axis change the effect of averages to zero. To simulate the effect of random axis changes, we used 20 segments in the simulations, where the birefringence axis is changed randomly between the segments. The other parameters used in the simulations are ps /km, ps /km, ps /km, and W km . The fiber loss is 0.8 dB/km. Additionally, the pump is defined as a perfect CW source. The simulation bandwidth starts from 1485 to 1585 nm. 0.5-GHz frequency resolution, which corresponds 2-ns time window, with 32 768 numbers of points is used in the simulations. To measure the polarization sensitivity, the signal polarization states are changed relative to pump. However, signals are aligned parallel to calculate the worst case of crosstalk. The split step Fourier method is used to solve the NLSE [30] .
The calculation of the crosstalk between the channels is the first part of the simulations. The signal level is chosen to be 7 W and fiber lengths are set to be 315 m, 430 m, and 1 km in the simulations to match the experimental parameters. As a pump power, we use the same power level (860 mW) used in the experiment. Fig. 8(a) shows the estimated crosstalk at the end of 315-m HNL-DS fiber. Less than 3-dB differences in crosstalk values are calculated at wavelengths near zero dispersion wavelength ( ) compare to the experimental measurements. This difference can be explained by high level of amplified spontaneous emission (ASE) noise near the pump wavelength. When we move away from the of the fiber, the difference between calculations and the measurements drops to 0.5 dB by the effect of filters used to eliminate ASE. For the wavelengths beyond 1550 nm, the instrument sensitivity sets the boundary of the measurements at 45 dB. However, in general the calculated crosstalk pattern agrees well with the measured crosstalk pattern.
The strength of the crosstalk at the end of 430-m and 1-km HNL-DS fiber is calculated to verify the length dependence of the crosstalk. Fig. 8(b) shows the estimated crosstalk values. The results of the long fiber crosstalk simulations also confirm the experimental results with less than 2-dB difference at wavelengths near the pump laser. These simulation results show that there are two mechanisms that define the strength of the crosstalk. The first mechanism is the FWM conversion efficiency, which is set by the phase mismatch. Theoretically, the FWM conversion efficiency is higher near the zero dispersion wavelength. The second mechanism is the strength of the signal. Since the strength of the harmonic is proportional to signal power, nonuniform gain patterns alter the crosstalk pattern. Therefore, the crosstalk pattern in short fiber lengths is mainly set by the FWM conversion efficiency. On the other hand, increasing fiber length creates stronger signals away from of the fiber, which creates stronger harmonics toward the edge of the conversion bandwidth. Based on these simulations and the experimental results, we conclude that shorter fiber lengths are required for band conversion with 25-dB inband crosstalk, which means a compromise in conversion efficiency for WDM applications.
The theoretical results also verify the improvement as high as 2.5 dB in the polarization sensitivity by using the loop configuration. Similar to the experimental procedure, the polarization sensitivity in the straight fiber and the looped fiber are calculated, and the results are compared. Based on the modeling of the straight fiber experimental setup with 315-and 430-m HNL-DS fibers, the polarization sensitivity of 3 and 5.5 dB is calculated, respectively. In 315-m HNL fiber, using the loop configuration reduces theoretically the polarization sensitivity to 0.5 dB. The experimental results match the theoretical results with 0.5-dB deviation in straight fiber configuration, as shown in Fig. 9(a) . The deviation happens mainly near the pump wavelength, where the ASE is strongest. The deviation near the gain peak can be explained by the 2-dB difference in calculated and measured gain values. For the looped fiber case, the deviation is 0.1 dB, and the measurements follow the theoretical results closely. Fig. 9(b) illustrates the polarization sensitivity results for 430-m HNL fiber. Similar to 315-m results, 0.2 deviation in theoretical and experimental results are obtained. To show the effect of larger signal power, the polarization sensitivity is calculated with 50-and 500-W signal power levels. The results show that the increased crosstalk alters the polarization sensi-tivity as much as 4 dB in 400-m long fibers for 50-W channel power. These results also show that the increasing crosstalk couples the polarization sensitivity and the crosstalk. Therefore, along with the length optimization, signal power levels should be adjusted for stable operation.
To show that the same trend of the polarization sensitivity is followed in idler side, we simulate the polarization sensitivity of the converted band [ Fig. 9(c) ]. The results show that the similar polarization sensitivity, 0.6 dB for the worst case, will be obtained in the converted band. The deviation at the longer wavelengths arise from the fact that the conversion efficiency at wavelength separation 20 nm decreases and it leads to more polarization sensitivity. This similarity in polarization sensitivity is expected because of the fact that the MI is a three photons processes, i.e., the same amount of photon will be generated in the signal band and in the converted band. Therefore, any fluctuation in the amount of photon generation in signal band will be reflected into the converted band and the similar polarization sensitivity will be obtained. More specifically, the amount of photon generated in both signal and idler band can be expressed by the conversion efficiency equation (4) Similarly, the gain in the signal band is defined by (5) where , and . The in equation represent the phase mismatch caused by group velocity dispersion. The difference in polarization sensitivity in idler and signal band will be created by the term " 1" on the rightmost side of the gain equation [ (5)]. As long as conversion efficiency is 3-dB polarization sensitivities will be similar. The difference of 0.1 dB reflects the effect of the term "1" in the equation for the conversion efficiency of 4.7 dB.
VI. SYSTEM PERFORMANCE OF CONVERTED SIGNALS AND EFFECT OF PUMP NOISE
The usefulness of the wavelength converter in a real system is the main question that should be answered before comparing the current experimental results to the results of the previous experiments. To answer this question, a 32-channel WDM transmission system is modeled with 1-mW/Ch power level at the beginning of the transmission fiber and 100-GHz channel spacing in the -band and in the -band. In the simulations, the polarization states of the signals are changed relative to polarization state of the pump laser to estimate the system performance. However, the polarization states of the signals kept the same to estimate the worst case of crosstalk. To compare the performance of the WDM signals generated by laser diodes and the WDM signals generated by the polarization-insensitive band converter, the optical signal-to-noise ratio (OSNR) degradation is calculated at the end of the transmission line. The noise calculation is performed within 50-GHz filter bandwidth. A 5-dB noise figure of the amplifier in each span is also included. The length of the transmission line is set to be 800 km with standard communication fiber and amplifier span of 80 km. Compare to laser diodes, 3.6 dB higher OSNR degradation is estimated at the end of ten amplifier span.
For the transmission of WDM channels generated by laser diodes, OSNR degradation is calculated by assuming no nonlinear interactions occur during the propagation. To calculate the OSNR degradation, the accumulated ASE power in each amplifier is calculated by the equation (6) where is the amplifier gain, is the noise figure of the amplifier, and is the optical bandwidth of the filter [31] . The parameter defines the operation frequency and is the Planck's constant. Since cascaded amplification is used in the simulation, the final value of the OSNR at the end should be calculated. If we assume identical amplifiers with uniform insertion loss in the fiber, then the OSNR value at the end of amplifier span, SNR , can be calculated as SNR SNR SNR
where SNR is the OSNR value before the propagation system. The total loss in each section is assumed to be equal to the gain of the amplifier. In the first step, the converted signals without gain equalization are propagated through 800-km transmission line. The power level at 1526 nm is set to be 1 mW without changing the gain profile. The initial OSNR of the converted signal at 1526 nm is calculated to be 30.4 dB after wavelength converter. For a fair comparison, the OSNR of the laser diode is also set to be 30.4 dB. Fig. 10 illustrates the OSNR degradation of both the converted signal and the laser diode. The final OSNR value is calculated due to the polarization sensitivity and the crosstalk generated during the band conversion. Ignoring the nonlinear effects during the transmission, an ITU grid laser diode results in an OSNR value of 23.2 dB at the end of ten-span transmission distance. However, because of the nonuniform signal powers, 33-dB inband crosstalk and 0.45-dB polarization sensitivity [ Fig. 9(c) ], where polarization sensitivity introduces amplitude modulation on the signal, the OSNR value of the converted signal is estimated to be 3.6 dB lower than the laser diode, as shown in Fig. 10 . In other words, for the receiver sensitivity set to be 24-dB OSNR value, the difference in maximum propagation length is estimated to be 240 km, i.e., three amplifiers span. Fig. 11 . By using gain equalization after the wavelength conversion and setting the spacing between the first channel and the pump as three times the channel spacing, the OSNR degradation is reduced to 0.7 dB at the end of ten amplifier spans.
The system performance of the converted signals can be further improved by adjusting the design parameters. The first change in the simulations is introducing gain equalization. In the second part of the simulations, the intensities of the WDM channels are set to be 1 mW. In addition, to reduce inband crosstalk, the spacing between the first WDM channel and the pump is adjusted. By choosing the spacing as odd multiples of the channel spacing, the inband crosstalk can be minimized. Since most of the crosstalk components will be accumulated in the middle of two channels, further reduction in crosstalk values can be achieved by introducing periodic grating filters or solid etalons. In the simulations, the spacing between the first channel and the pump is set to be three channels spacing, i.e., 300 GHz. Additionally, by using a solid etalon with finesse of ten, an additional 6-dB reduction in out-of-band crosstalk is introduced. Fig. 11 shows the OSNR degradation in the -band and in the -band along the transmission fiber for a channel located at 1526 nm and the image of the channel in the -band. Ignoring the nonlinear effects during the propagation, OSNR drops by 10 dB from 33.5-dB initial OSNR value at the end of ten amplifier span. Compare to commercial lasers, having an additional 0.7-dB OSNR degradation shows less than one span penalty for the receiver sensitivity of 24 dB.
The effect of the pump noise on converted signals will be another determining factor for the system performance of the band converter. Previously, the noise figure of parametric amplifiers has been calculated for different fiber types and optimum fiber length has been proposed for dispersion shifted fibers [32] , [33] . To enumerate the performance degradation, relative intensity noise (RIN) degradation along the conversion band during the wavelength conversion process is calculated analytically. In the calculations, we focus on the transfer of the pump amplitude noise to the converted signal. Since the experiments were conducted in nonpump depletion regime, the calculations ignore the pump depletion. Also, because the primary focus is on the amount of RIN degradation on converted signals due to pump RIN, the noise coming from the signals are ignored. Starting with the three wave interactions, the conversion efficiency at the end of a fiber length in the nonpump depletion regime can be formulated as (8) where is the average pump power and is the modified phase mismatch factor, which is given by (9) To calculate the RIN degradation, the pump laser is modulated by a single tone noise source at frequency (10) where defines the modulation index of the pump laser. The RIN of the pump laser according to this definition can be formulated as [34] RIN (11) After adding the small perturbation caused by the modulation to the gain formula in nonpump depleted regime, the noise power at frequency can be calculated. The estimated RIN value of the signal is given by RIN RIN
The first term in the numerator defines the RIN degradation due to power dependence of the phase mismatch term, and the second term defines the RIN degradation due to power dependence of the parametric gain. An additional weak RIN degradation occurs due to amplitude variation by noise, which is included in the last term in the numerator. The phase mismatch is included in parameter , and it is formulated as (13) Fig. 12 shows the estimated RIN degradation in 315-m, 430-m, and 1-km HNL-DS fiber. The analytical calculations show that RIN of the pump laser is also a limiting factor for system applications. The derivation indicates that the RIN of the pump laser completely transfers to the converted signals, with an additional RIN degradation factor caused by pump square dependence of the gain and power dependent phase mismatch factor. It is also shown that the fiber length of the wavelength converter affects the RIN degradation. For the optimized fiber length of 315 m, the maximum RIN degradation is estimated to be 12 dB/Hz. As the wavelength separation increases, the RIN degradation increases because of increasing gain values. For fiber lengths of 1 km, the additional RIN degradation reaches as high as 20 dB/Hz. When the wavelength separation reaches the point, the additional RIN degradation reduces to 6 dB/Hz because of the perfect phase match and parabolic gain. For wavelengths very close to pump wavelength, an additional length independent 6 dB/Hz additional RIN degradation is estimated. The 6-dB/Hz RIN degradation near pump wavelength comes from the fact that the gain is parabolic in that region. These results indicate that in addition to polarization sensitivity and crosstalk of the band converter, the RIN of the pump laser will limit the system performance. If the requirement for converted signal is RIN values 140 dB/Hz, then a pump laser with 155 dB/Hz must be used. 
VII. DISCUSSION
The focus in our experiments has been on the system performance of the wavelength converter rather than the conversion efficiency. The experimental results show that broad-band, 30 nm, wavelength conversion with low polarization sensitivity, 0.65 dB, low crosstalk, 27 dB, high conversion efficiency, 4.7 dB, can be achieved simultaneously. Although the wavelength conversion schemes demonstrated before result in low polarization sensitivity ( 1.2 dB), the low polarization sensitivity is confined within 7 nm bandwidth. In the current experiments, the polarization sensitivity is improved by 0.5 dB over 30-nm conversion bandwidth by using the loop configuration with HNL-DS fiber. Moreover, the high conversion efficiency and low crosstalk requirements are satisfied simultaneously. Compared to the low polarization sensitivity results, the conversion efficiency is improved by 20 dB while maintaining the crosstalk 27 dB, which corresponds 15-dB improvement across the whole 30 conversion bandwidth, by optimizing the fiber length and signal power according to system requirements.
Although higher conversion efficiency, 30 dB, is used as a figure-of-merit in some experiments, the experimental results show that the higher crosstalk accompanied by higher conversion efficiency will limit the applicability of the wavelength converter. Based on the experimental and theoretical results, it is reasonable to conclude that new communication bands sources can be made by using the existing sources in the -band with an optimized wavelength converter. The estimation of 0.8-dB OSNR degradation in 800-km standard communication fiber indicates that stable WDM sources can be generated in the -band or -band by using the wavelength converter with optimized loop configuration. However, since the intensity noise of the pump laser will be transferred to converted signals, high power lasers with 155-dB/Hz RIN values should be used as a pump source to overcome the pump noise limitations.
VIII. SUMMARY
In the modulation instability based wavelength converter experiment, conversion of readily available sources in the -band into the -band is demonstrated by using a tunable signal source with tuning range 40 nm. More than 30-nm conversion bandwidth with greater than 4.7-dB conversion efficiency is measured in 315 m of high-nonlinearity dispersion-shifted fiber by using 860-mW pump power at 1532 nm. The polarization sensitivity and the channel crosstalk are determined to be the main obstacles for system applications, where the polarization sensitivity results from the random evolution of the incoming signal polarization. A loop configuration with PBS and optimized fiber length is implemented to solve the both problems simultaneously. By using the PBS, the relative polarizations of the pump and the signal are fixed in the gain fiber. Additionally, using the same fiber for both polarization states eliminates the gain difference due to different fiber lengths. With this technique, the polarization sensitivity is reduced to less than 0.65 dB in 315-m-high nonlinearity fiber. Compare to the conventional, fiber-based wavelength conversion scheme, about 2-dB improvement in polarization sensitivity is measured. In 430-m fiber, the maximum polarization sensitivity is measured to be 0.9 dB with 4.5-dB improvement compared to the conventional wavelength conversion scheme.
In addition, the maximum channel crosstalk is measured to be 27 dB in 315-m fiber. In a detailed study of the crosstalk, the pattern of the crosstalk in short fiber lengths and long fiber lengths are measured. In short fiber lengths, the exponential decay in harmonic power shows that nondegenerate FWM determines the amount of the crosstalk. As the fiber length increases, the high signal power reverses the crosstalk pattern. Harmonic power 10 dB higher than the input signal power is measured at 1556 nm in 1 km of high nonlinearity dispersionshifted fiber. The results also show that increasing the fiber length and channel power will couple the polarization sensitivity and the crosstalk, thereby degrading the polarization sensitivity as much as 4 dB in 430-m fibers.
The simulation results are in good agreement with the experimental measurements as well. The results indicate that by using length optimized loop configuration, the whole -band can be converted to -band, even -band, with appropriate selection of the fiber and the pump. Using the loop configuration with optimized length will generate multiple wavelength sources with 0.65-dB polarization sensitivity, low crosstalk, and high conversion efficiency. The system performance modeling of the band converter shows that the converted 32-channel WDM signals give as good performance as laser diodes. The OSNR degradation compared to laser diodes is calculated to be 0.7 dB after 800-km SMF fiber with 80-km amplifier span. However, due to pump fluctuations coupling and becoming accentuated in the nonlinear wavelength conversion process, the high powered pump must have a RIN 155 dB/Hz.
